1. Introduction {#s0005}
===============

The detrimental effects of diabetes mellitus and its complications are due to persistent hyperglycemic glucotoxicity resulting from impairment of glucose metabolism [@bib1], [@bib2], [@bib3]. As glucose provides electrons stored in NADH and FADH~2~ that are delivered to mitochondrial electron transport chain, persistent hyperglycemia would over-supply NADH, leading to NADH/NAD^+^ redox imbalance. Moreover, in addition to the conventional metabolic pathways that can over-produce NADH in the presence of high blood glucose [@bib2], [@bib4], persistent hyperglycemia-triggered activation of the polyol pathway converting NADPH to NADH [@bib5], [@bib6] and of the poly ADP ribose polymerase (PARP) pathway depleting NAD^+^ [@bib7], [@bib8] are also well known to contribute to the NADH/NAD^+^ redox imbalance in diabetes [@bib2], [@bib4], [@bib9], [@bib10]. While lactate dehydrogenase can regenerate NAD^+^ by converting glycolysis-generated pyruvate to lactate, the level of lactate dehydrogenase in β cells is very low [@bib11]. Therefore, excess NADH would overload or overwhelm complex I that is a major site in mitochondria for NAD^+^ recycling. Moreover, NADH/NAD^+^ redox imbalance is known to induce cellular oxidative stress [@bib12], probably originated from complex I because complex I is also one of the major sites of ROS production [@bib13]. Indeed, redox imbalance between NADH and NAD^+^ and oxidative stress have been recognized as the major mechanisms by which high level of blood glucose (hyperglycemia) causes β cell failure [@bib12], [@bib14]. In spite of these well-known establishments, how pancreatic mitochondrial complex I handles NADH overload or NADH/NAD^+^ redox imbalance and any potential consequences of this handling in diabetes remain unknown.

The present study was designed to test our hypothesis that complex I activity is up-regulated in diabetes, and consequently ROS production and oxidative stress would be elevated given that the more NADH provided to complex I, the more ROS generated by complex I [@bib15], [@bib16], [@bib17], [@bib18]. In this article, we first presented our findings that NADH/NAD^+^ redox imbalance also occurred in streptozotocin (STZ) diabetic pancreas and this redox imbalance was associated with activation of the polyol pathway and of the poly ADP-ribose polymerase (PARP). We then demonstrated that pancreatic mitochondrial complex I activity indeed exhibited up-regulation or hyperactivity in type 1 streptozotocin (STZ) diabetic mice and rats, in type2 diabetic rats and mice, and in cultured β cells. Further experiments focusing on STZ-induced diabetes in rats revealed that complex I\'s hyperactivity could be attenuated by metformin. We also found that as NAD^+^ was low in diabetes, so was sirt3, which is an NAD^+^-dependent deacetylase. Consequently, mitochondrial protein acetylation was increased. Moreover, activity and protein level of NQO1, a cellular antioxidant, were also found to be attenuated. All these abnormalities contribute to impaired mitochondrial membrane potential, decreased mitochondrial ATP production, and increased oxidative stress and cell death that lead to progression and accentuation of diabetes.

2. Materials and methods {#s0010}
========================

2.1. Chemicals and reagents {#s0015}
---------------------------

Streptozotocin (STZ), NADH, NAD^+^, ATP, cytochrome c, antimycin A, sodium cyanide, decylubiquinol, n-dodecyl-beta-D-maltoside, sodium succinate, nitro blue tetrazolium (NBT) tablets, EDTA, dimethyl sulfoxide, dichlorophenolindophenol (DCPIP), NADPH, glucose-6-phosphate, and metformin hydrochloride were purchased form Sigma (St. Louis, MO). Lead nitrate, tricine, amino- N- caproic acid, Tris base, and Bis-tris were obtained from VWR International. Serva blue G-250 was purchased from Serva (Heidelberg, Germany). Coomassie brilliant blue G-250, SDS-PAGE protein standard markers, ECL Western blot detection kit, and immunoblotting membrane were purchased from Bio-Rad (Richmond, CA).

2.2. Animals and STZ diabetes induction {#s0020}
---------------------------------------

All animal procedures were approved by Institutional Care and Use Committee of University of North Texas Health Science Center and the use of animals was in accordance with NIH guidelines for the care and use of laboratory animals. Zucker diabetic rats and Sprague-Dawley rats were obtained from Charles River. Tallyho mouse and db/db mouse were purchased from Jackson laboratories. For STZ induction of diabetes in rats, STZ was freshly prepared in 1 ml of 100 mM citrate buffer (pH 4.5) and injected (IP) to overnight fasted rats at a dosage of 60 mg/kg body weight [@bib19]. For STZ induction of diabetes in mouse, an STZ dosage of 50 mg/kg body weight was used and mice received one injection per day for 5 days [@bib20]. Blood glucose levels were determined using blood collected via tail-pricking by FreeStyle blood glucose test strips made by Abbot (Alameda, CA), and animals with blood levels exceeding 300 mg/dl were considered diabetic. Control mice and rats received 1 ml citrate buffer only. Four weeks (unless otherwise indicated) after STZ treatments, animals were sacrificed and tissues were collected. For metformin treatment of STZ diabetic rats, metformin (150 mg/kg body weight [@bib21]) was administered once per day for 4 weeks via IP injection starting on day 3 after STZ injection.

2.3. INS-1 cell culture and isolation of β cells from pancreas {#s0025}
--------------------------------------------------------------

INS-1 cells were purchased from AddexBio (San Diego, CA) and were cultured with medium supplemented with either 5 mM (normaglycemia) or 20 mM (hyperglycemia) glucose. Basic medium used was RPMI-1640 containing 2 mM glutamate, 10 mM HEPES, 1.5 g/L sodium bicarbonate, 1 mM sodium pyruvate. Confluent cells were collected followed by mitochondrial isolation. For β cell mitochondrial preparation, pancreatic tissues from control and diabetic rats were dissected following sacrifice of the animals. Pancreatic duct was perfused with collagenase P (0.3 mg/ml) and the pancreata were digested in the same collagenase solution for about 20 min with gentle shaking at 37 °C [@bib22], [@bib23]. This is followed by islet collection by handpicking. The obtained islets were used for β cell mitochondrial isolation by the method described below.

2.4. Pancreatic mitochondria isolation {#s0030}
--------------------------------------

Pancreatic mitochondria preparation from either mouse or rat was achieved using a gradient centrifugation method adapted from previously published work [@bib24]. Briefly, pancreas was rapidly dissected after animal euthanization and rinsed with mitochondrial isolation buffer containing 70 mM sucrose, 230 mM mannitol, 15 mM MOPS (pH 7.2), and 1 mM K~2~EDTA. Tissues were then homogenized in the mitochondrial isolation buffer (1 g/10 ml) followed by centrifugation of the homogenate at 4 °C at 800 g for 10 min. The resulting supernatant was further centrifuged at 8000 g for 10 min at the same temperature. The obtained pellet containing mitochondria was washed once with mitochondrial isolation buffer and centrifuged again at 8000 g for another 10 min. The final mitochondrial pellet was either used immediately or frozen at − 80 °C until use. β cell mitochondria were isolated the same way.

2.5. Enzyme activity assays {#s0035}
---------------------------

In-gel mitochondrial complex I activity was determined by non-gradient BN-PAGE as previously described [@bib25], [@bib26], [@bib27]. Briefly, after resolution of mitochondrial complexes by BN-PAGE, complex I activity was stained in a solution containing 50 mM potassium phosphate buffer (pH 7.0), NADH (0.1 mg/ml), and NBT (0.2 mg/ml). Complex IV was also analyzed using BN-PAGE in-gel staining method as previously described [@bib26]. The staining solution for complex IV activity contained 50 mM sodium phosphate (pH 7.2), 20 mM 3,3′-diaminobenzidine tetrachloride (DAB), and 50 mg of cytochrome c. Complex II activity was determined spectrophotometrically using succinate as the substrate and DCPIP as the electron acceptor [@bib28]. The assay solution in 1 ml of 100 mM potassium phosphate (pH 7.4) contained mitochondrial protein (30 µg), DCPIP (150 µM), decylubiquinone (100 µM), antimycin A (1.2 µM), MgCl~2~ (200 mM), KCN (2 mM), and succinate (8 mM). The reaction was monitored at 600 nm. Complex III activity was also determined spectrophotometrically [@bib28] with an assay solution (1 ml) containing 100 mM potassium phosphate (pH 7.4), mitochondrial extract (30 µMg), rotenone (6 µM), antimycin A (2 µM), KCN (2 mM), and decylubiquinol (60 µM). The reaction was monitored at 550 nm. Complex V activity was determined as outlined previously [@bib26]. NQO1 activity and aldose reductase activity were measured, respectively, according to methods as previously described [@bib29], [@bib30].

2.6. Other methods {#s0040}
------------------

NAD^+^/NADH ratio was measured using a kit purchased from BioVision (Milpitas, CA) according to the manufacturer\'s instructions. ATP content and NADP/NADP^+^ ratio were measured using kits that were also from BioVision (Milpitas, CA). SDS-PAGE and Western blot assays were conducted according to standard protocols as previously reported [@bib26], [@bib31]. Protein carbonyls were measured by labeling carbonyl groups with biotin-hydrazide followed by Western blot detection and densitometric quantification of the signal intensity [@bib32], [@bib33]. Lipid peroxidation was determined as thiobarbituric acid reactive substances (TBARS) [@bib34] and hydrogen peroxide levels were measured by the Amplex Red method [@bib35] using a kit purchased from Invitrogen. Cell death marker caspase 3 activities and mitochondrial membrane potential were measured, respectively, by kits from BioAssay Systems (Hayward, CA). Nrf2 nuclear content was determined by electrophoretic mobility shift assay using a kit from Signosis Inc. (Santa Clara, CA). Mass spectrometric peptide sequencing and protein identification were conducted as previously described [@bib36].

2.7. Data analysis {#s0045}
------------------

Gel images were documented using a digital scanner (Epson Perfection 1670). Data were presented as mean ± SEM. Statistical data analysis was carried out using GraphPad\'s 2-tailed unpaired *t*-test (GraphPad, San Diego, CA). A p value less than 0.05 (*p* \< 0.05) was considered statistically significant.

3. Results {#s0050}
==========

3.1. Pancreatic NADH/NAD^+^ redox balance is perturbed in streptozotocin-induced diabetes {#s0055}
-----------------------------------------------------------------------------------------

It is well established that NADH/NAD^+^ redox balance is perturbed in many diabetic tissues with NADH being in excess [@bib9], [@bib10], [@bib37], [@bib38], [@bib39], [@bib40], [@bib41], [@bib42]. We confirmed that this redox imbalance also occurred in STZ diabetic pancreas as the ratio between NAD^+^ and NADH was much less in diabetes than in controls ([Fig. 1](#f0005){ref-type="fig"}A). This redox imbalance in numerous diabetic tissues has been reported to be driven by at least two pathways that are up-regulated in diabetes [@bib42], [@bib43], [@bib44]. One is the polyol pathway [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50] and the other is the poly ADP ribose polymerase (PARP) pathway [@bib51], [@bib52], [@bib53]. To confirm that this is also the case in STZ-diabetic pancreas, we measured the rate-limiting enzyme (aldose reductase) in the polyol pathway and the protein content of PARP-1. Results show that the activity of aldose reductase indeed increased ([Fig. 1](#f0005){ref-type="fig"}B) and PARP-1 protein content also increased ([Fig. 1](#f0005){ref-type="fig"}C). Additionally, we also found that the NADP^+^/NADPH ratio was lower in diabetes than in controls ([Fig. 1](#f0005){ref-type="fig"}D); and given that G6PD is responsible for converting NADP^+^ to NADPH [@bib54], the process of NADPH regeneration from NADP^+^ also appeared to be further impaired as G6PD activity was decreased ([Fig. 1](#f0005){ref-type="fig"}E). Nonetheless, it is likely that the change in NADPH/NADP^+^ ratio reflects an overall increase in oxidative stress rather than a sole decrease in G6PD activity. These results indicate that the redox imbalance between NADP^+^ and NADPH also occurs in STZ diabetic pancreas.Fig. 1Measurement of redox imbalance and relevant parameters. (A) NAD^+^/NADH ratio was lower in STZ diabetes than in control. (B) Aldose reductase activity was much higher in STZ diabetes than in control. (C) PARP-1 expression was increased in STZ diabetes. (D) NADPH/NADP^+^ ratio was lower in STZ diabetes than in control. (E) G6PD activity was highly suppressed in STZ diabetes. N=3 for each assay.Fig. 1

3.2. Pancreatic mitochondrial complex I exhibits aberrant hyperactivity in diabetes {#s0060}
-----------------------------------------------------------------------------------

To investigate how pancreatic mitochondrial complex I activity would respond to diabetic NADH/NAD^+^ redox imbalance, we first measured pancreatic mitochondrial complex I activity using in-gel based BN-PAGE analysis. To this end, we used both STZ-diabetic rats and mice. Results in [Fig. 2](#f0010){ref-type="fig"} A and B demonstrate that in these type I diabetic rats and mice, complex I activity was tremendously up-regulated. We then tested type II diabetic animal models that include Zucker diabetic rats, db/db mouse, and Tallyho mouse. Results in [Fig. 2](#f0010){ref-type="fig"} C to E demonstrate that among all the tested type II diabetic animal models, complex I activity was also enormously up-regulated. These results indicate that complex I activity was upregulated regardless of the types of diabetes. Furthermore, when β cells (INS-1) were cultured in the presence of high level glucose (20 mM), complex I activity was also found to be higher than that in the presence of normal level glucose (5 mM) ([Fig. 2](#f0010){ref-type="fig"}F). We also measured complex I activity in pancreatic β cells isolated from STZ diabetic rats. Results in [Fig. 2](#f0010){ref-type="fig"}G demonstrate that β cell complex I activity was also up-regulated, indicating that the observed complex I hyperactivity in [Fig. 2](#f0010){ref-type="fig"}A could be partially contributed by diabetic β cells.Fig. 2Increased pancreatic mitochondria complex I activity in diabetes. (A) Comparison of complex I activity between control and STZ rat. (B) Comparison of complex I activity between control and STZ mouse. (C) Complex I activity between control and Zucker diabetic rat. (D) Complex I activity between control and db/db mouse. (E) Complex I activity between control and Tallyho mouse, a type 2 diabetes model. (F) Comparison of complex I activity from INS-1 cells cultured in the presence of normal and high glucose levels. (G) Comparison of complex I activity in β cell mitochondria isolated from control and STZ-pancreas. For A to E, each lane represented an independent animal. All activities were measured by BN-PAGE.Fig. 2

Based on the above findings that complex I hyperactivity could be detected in both type 1 and type 2 diabetic pancreas, we then decided to carry out all the following studies using STZ-diabetic rats as induction of this model of diabetes is less time-consuming.

3.3. Pancreatic complex I hyperactivity in STZ diabetic rat is caused by diabetic hyperglycemia but not by acute STZ toxicity and is attenuated by metformin {#s0065}
------------------------------------------------------------------------------------------------------------------------------------------------------------

With the STZ diabetes model, the first question we asked was whether complex I hyperactivity observed in [Fig. 2](#f0010){ref-type="fig"}A was due to STZ acute toxicity. To this end, we did a time-dependent analysis of complex I activity following STZ injection. Results show that by day 3 after STZ injection, no up-regulation in complex I activity in the STZ diabetic pancreas could be detected ([Fig. 3](#f0015){ref-type="fig"}A). By day 10, 2 out of 3 STZ treated rats showed increased pancreatic mitochondrial complex I activities ([Fig. 3](#f0015){ref-type="fig"}B). By day 17, all the three STZ treated rats showed pancreatic complex I hyperactivity ([Fig. 3](#f0015){ref-type="fig"}C). These results demonstrate that pancreatic complex I hyperactivity was induced by persistent levels of hyperglycemia, but not by the acute toxicity of STZ, which is known to be rapidly eliminated out of the body within 24 h of injection [@bib55], [@bib56]. Moreover, when the diabetic rats were treated by metformin for 4 weeks (150 mg/kg, one IP injection per day), complex I hyperactivity was remarkably decreased ([Fig. 3](#f0015){ref-type="fig"}D). We also found that, in addition to lowering blood glucose significantly ([Fig. 3](#f0015){ref-type="fig"}E), metformin also attenuated body weight loss significantly ([Fig. 3](#f0015){ref-type="fig"}F), which agrees with data reported in the literature (for example, references [@bib57], [@bib58], [@bib59]). These results further demonstrate that complex I\'s aberrant hyperactivity was induced by persistent high blood glucose.Fig. 3Time-dependent in-gel complex I activity measurement post STZ injection and effect of metformin on complex I hyperactivity, body weight change, and blood glucose. (A) 3 days post STZ injection; (B) 10 days post STZ injection; (C) 17 days post STZ injection. (D) Metformin attenuated complex I hyperactivity induced by diabetic hyperglycemia. (E) Metformin significantly decreased blood glucose in STZ diabetic rats. (F) Metformin attenuated diabetic rat\'s body weight loss significantly. For all the gel analyses, each lane represents mitochondrial sample prepared from one single animal sacrificed for tissue collection and mitochondrial isolation.Fig. 3

3.4. Activities of complexes II to IV but not complex V are also higher in diabetic pancreas {#s0070}
--------------------------------------------------------------------------------------------

As complex I activity was greatly elevated in all the diabetic conditions ([Fig. 2](#f0010){ref-type="fig"}), we then wondered whether the activities of other mitochondrial oxidative phosphorylation components were also elevated. To address this question, we measured the activities of complex II to complex V using STZ diabetic rats. Results in [Fig. 4](#f0020){ref-type="fig"} show that the activities of complexes II to IV were also up-regulated in diabetic pancreas. Interestingly, complex V activity showed no detectable changes between diabetes and healthy controls.Fig. 4Measurements of activities of complexes II to V between control and STZ- diabetes. Shown are (A) Complex II activity, (B) Complex III activity, (C) Complex IV activity, (D) Complex V activity. N = 3 for each assay.Fig. 4

3.5. Decreased ATP production and increased oxidative stress in diabetic pancreas {#s0075}
---------------------------------------------------------------------------------

Our findings that complexes I to IV activities were higher while complex V activity showed no detectable change suggest that the elevated activities of the mitochondrial electron transport chain is not used for ATP production. Rather, these elevated activities could be used for ROS production given that higher electron transport chain activity can also increase mitochondrial ROS production [@bib18], a phenomenon that is well known as leak respiration [@bib60], [@bib61]. To test this hypothesis, we measured cellular ATP content, mitochondrial protein carbonyls, H~2~O~2~ content, and lipid peroxidation via TBARS content. Results indicate that ATP output by mitochondria was decreased in diabetes ([Fig. 5](#f0025){ref-type="fig"}A), and that H~2~O~2~ content ([Fig. 5](#f0025){ref-type="fig"}B), protein carbonyl content ([Fig. 5](#f0025){ref-type="fig"}C), and TBARS levels ([Fig. 5](#f0025){ref-type="fig"}D) were all increased in diabetes. Taken together, these results indicate that overflow of NADH via complex I is partially used for leak respiration that increases ROS production and oxidative stress [@bib60], [@bib61].Fig. 5Measurement of cellular ATP content, H~2~O~2~ content, protein carbonyl content, and lipid peroxidation magnitude. (A) ATP level was lower in STZ diabetes than in control. (B) H~2~O~2~ content was higher in STZ diabetes than in control. (C) Mitochondrial protein carbonyl content was higher in STZ-diabetes than in control. (D) TBARS content, reflecting the level of lipid peroxidation, was higher in STZ diabetic rats than in control rats. N = 3 for each assay.Fig. 5

3.6. Complex I hyperactivity is partly contributed by NDUFS3 up-regulation {#s0080}
--------------------------------------------------------------------------

It is known that in diabetes and under overnutrition conditions, the enzyme nicotinamide N-methyl transferase (NNMT) is up-regulated [@bib62], which in turn can up-regulate NDUFS3 [@bib63], [@bib64] that is a complex I subunit involved in complex I assembly and function [@bib65]. Therefore, complex I can exhibit an elevated activity due to NDUFS3 up-regulation by NNMT. To test whether this is the case in our system, we measured protein content of both NNMT and NDUFS3 by Western blot assays using respective antibodies. Results in [Fig. 6](#f0030){ref-type="fig"} demonstrate that the expression of both NNMT and NDUFS3 were increased in diabetic pancreas, indicating that upregulation of NDUFS3 cloud be partly responsible for complex I hyperactivity observed in this study. We also measured the content of another two complex I subunits NDUFV1 and NDUFA9, but did not detect any significant difference between control and diabetes. This Result indicates that not all complex I subunits are upregulated in STZ diabetes.Fig. 6Western blot analysis of NNMT and complex I subunits NDUFS3, NDUFV1, and NDUFA9. Both NNMT expression and NDUFS3 expression were found to be upregulated (A and B). In contrast, no differences were observed for NDUFV 1 and NDUFA9 between control and STZ-diabetes. Three animals per group were used for all the measurements.Fig. 6

3.7. Decreased Sirt3 expression and increased protein acetylation in pancreatic mitochondria {#s0085}
--------------------------------------------------------------------------------------------

Sirtuin 3 (Sirt3) is an NAD^+^-dependent deacetylase in the mitochondria and is known to be down regulated in other tissues when the level of NAD^+^ is low [@bib66], [@bib67]. We focused our studies on mitochondrial sirt3 instead of other sirtuins as our investigation was centered on mitochondria. To test whether this was also the case in diabetic pancreas, we measured Sirt3 levels by Western blot assay. Results in [Fig. 7](#f0035){ref-type="fig"}A show that the content of Sirt3 was heavily decreased in diabetic pancreas. Moreover, when total mitochondrial protein acetylation profile was assessed by anti-acetylation Western blot analysis, an increased acetylation on numerous proteins could be detected in diabetes ([Fig. 7](#f0035){ref-type="fig"}B), suggesting that mitochondrial function could be impaired by acetylation, albeit that complex I activity is aberrantly higher in diabetes than in healthy controls.Fig. 7Measurements of sirt3 levels and mitochondrial protein acetylation. (A) Western blot measurement of sirt3. (B) Western blot measurement of protein acetylation.Fig. 7

3.8. NQO1 activity and expression are decreased in diabetes {#s0090}
-----------------------------------------------------------

NQO1 is an antioxidant enzyme [@bib68] and is known to be down regulated in diabetes due to redox imbalance and oxidative stress [@bib69], [@bib70]. To test whether this was also the case in our system, we measured NQO1 enzymatic activity and protein content. Results show that NQO1 activity was significantly lower in the diabetic animals than in the controls ([Fig. 8](#f0040){ref-type="fig"}A). This decreased activity was apparently contributed by a decreased NQO1 protein content as shown in [Fig. 8](#f0040){ref-type="fig"}B (upper panel). Moreover, decreased NQO1 content was found to be driven by a decreased level of nuclear Nrf2, a transcription factor that regulates NQO1 expression [@bib71], [@bib72]. These results agree with the data in [Fig. 1](#f0005){ref-type="fig"}D and E that pancreatic antioxidant capacity was compromised in diabetes. The data also agree with the findings in [Fig. 5](#f0025){ref-type="fig"}B--D that oxidative stress was increased in diabetes.Fig. 8Measurements of NQO1 activity and content, and assessment of mitochondrial membrane potential and cell death. (A) Comparison of NQO1 activity between control and STZ diabetes. (B) *Upper panel:* Comparison of NQO1 content between control and STZ diabetes; *lower panel:* decreased nuclear Nrf2 content detected by electrophoretic gel shift assay. (C) Comparison of mitochondrial membrane potential between control and STZ diabetes. (D) Comparison of caspase 3 activity between control and STZ diabetes. Increased caspase 3 activity indicates increased cell death. Three animals per group were used for each measurement. N = 3 for each panel.Fig. 8

3.9. Mitochondrial membrane potential is impaired and cell death is increased in STZ diabetic pancreas {#s0095}
------------------------------------------------------------------------------------------------------

Our findings that mitochondrial electron transport chain activities were increased under hyperglycemic conditions while mitochondrial ATP output was decreased suggest that there is an uncoupling effect on electron transport chain activity and oxidative phosphorylation (ATP production). To test this hypothesis, we measured mitochondrial membrane potential. Results in [Fig. 8](#f0040){ref-type="fig"}C indeed shows that in STZ treated rats, pancreatic mitochondrial membrane potential was significantly impaired, indicating that leak mitochondrial respiration had occurred in the pancreas of the diabetic rats. Consequently, increased pancreatic cell death in the STZ diabetic rats was detected as caspase 3 activity, a marker for cell apoptosis [@bib73], [@bib74], was higher in the STZ diabetic rats than in the control rats ([Fig. 8](#f0040){ref-type="fig"}D).

4. Discussion {#s0100}
=============

The major findings of the present study are that pancreatic mitochondrial complex I exhibits increased enzyme activity in both type 1 and type 2 diabetes. This increase could be attenuated by metformin and was in response to NADH/NAD^+^ redox imbalance and NADH overload of complex I, which also increases the activities of complexes II to IV, but not complex V. The observed mitochondrial uncoupling effect, i.e., more NADH supplies but less ATP output, demonstrates increased oxidative stress in the diabetic pancreas. Our data indicate that there is an overall redox balance perturbation that not only down-regulates mitochondrial sirts3, but also the antioxidant enzyme NQO1. Therefore, our findings provide a link between complex I ROS production and diabetic pathogenesis and reveal a widespread oxidative stress caused by complex I hyperactivity and a compromised anti-oxidation capacity in diabetic pancreas.

We initially tested several tissues for complex I activity change in STZ-diabetes. Among those tissues tested, no changes in complex I activity was detected in the brain, the liver, and the heart. The reason why complex I activity in the brain, the liver, and the heart did not exhibit detectable increases is not known at the present time. In contrast, an increased complex I activity in kidney [@bib19], lung [@bib39], and pancreas was observed by BN-PAGE, and the magnitude of increase in these tissues appeared to be kidney \< lung \< pancreas. Therefore, pancreas would be a very good organ for studying mitochondrial complex I hyperactivity in diabetes. It should be noted that we did not observe changes in complex I activity in skeletal muscle. In fact it has been reported that complex I activity in skeletal muscle is decreased in diabetes [@bib75], [@bib76], [@bib77]. This makes sense because skeletal muscle cells require insulin for glucose entry for further metabolism, but in diabetes skeletal muscle cells cannot obtain glucose even though glucose is in excess due to insulin resistance or insulin deficiency [@bib78]. We did not analyze complex I activity in diabetic adipose tissues, but it is conceivable that complex I activity change in this tissue should be similar to that in the skeletal muscle as adipocyte is also dependent on insulin for glucose uptake [@bib79]. Additionally, it would also be of interest to evaluate pancreatic complex I activity change in gestational diabetes.

In diabetes, persistent hyperglycemia overloads metabolic pathways with excess NADH [@bib4]. Given that pancreatic β cells employ a supply-driven mechanism for glucose metabolism [@bib80], [@bib81], β cells could be particularly under NADH pressure. Therefore, it is reasonable for complex I to adapt to this pressure by increasing its activity to attempt to alleviate the pressure. Nonetheless, this activity increase is not enough to consume all the NADH pool under diabetic conditions, similar to the fact that excess glucose is eliminated via the urinary system but blood glucose level will never go low by this means of elimination.

The downside problem of pancreatic complex I hyperactivity in diabetes should be severe. This is because elevated complex I activities, while attempting to oxidize more NADH and regenerating more NAD^+^, will also produce more superoxide anion [@bib82], [@bib83], a precursor of nearly all the other forms of ROS in the body [@bib84]. Indeed, complex I is known to be the major site of ROS production in disease state and has been implicated in a variety of diseases [@bib85], [@bib86]. Therefore, it is imaginable that complex I hyperactivity in pancreas could lead to accentuated oxidative stress to β cells, which can impair β cell function and insulin release, and worsens diabetes situation.

In diabetes, many pathways are actually upregulated. There are two well-studied pathways that warrant discussions. One pathway is the polyol pathway that comprises two reactions catalyzed by aldose reductase and sorbitol dehydrogenase [@bib87], respectively. The overall products of this pathway are NADH and fructose that are produced at the consumption of NAD^+^ and NADPH. Therefore, this pathway has been considered as the major source of NADH/NAD^+^ redox imbalance in diabetes [@bib88]. In fact, inhibition of the first reaction catalyzed by aldose reductase has been investigated by numerous investigators as potential approaches for preventing or treating diabetes and its complications [@bib46], [@bib89], [@bib90], [@bib91]. It should be noted that the reason that a lowered NADPH level is capable of driving the increase in NADH level is because the cellular pool of NADPH is usually many folds greater than that of NADH [@bib92], [@bib93].

The second well-studied pathway is the poly ADP ribose polymerase (PARP), in particular, PARP-1. This pathway is activated by DNA oxidative damage [@bib94] but is often over-activated in diabetes [@bib53], [@bib95]. As PARP uses NAD^+^ as its substrate, its over activation can actually deplete cellular NAD^+^ pool and leads to cell death [@bib8], [@bib96]. Therefore, this pathway also contributes significantly to diabetic NADH/NAD^+^ redox imbalance [@bib42] and has also been considered as a therapeutic target for preventing or treating diabetes and its complications [@bib97]. Indeed, it has been reported that PARP-1 knockout mouse is resistant to STZ diabetes induction [@bib98], [@bib99] and inhibition of PARP-1 can prevent diabetes occurrence [@bib7], [@bib100]. Based on findings of these two well-studied pathways, it is conceivable that inhibiting complex I hyperactivity could provide another promising approach for diabetes therapy, which should be the focus of future studies.

In the present study, we also measured two NAD^+^-dependent enzymes sirt3 and NQO1. With respect to sirt3, we found that its expression is much suppressed in diabetic pancreas, which agrees with previous reports that sirtuin proteins tend to be down regulated in diabetes due to attenuated level of NAD^+^ [@bib101], [@bib102]. Our further experiments demonstrate that in the presence of lowered sirt3 content, mitochondrial protein acetylation was increased ([Fig. 7](#f0035){ref-type="fig"}B). We attempted to analyze acetylation to complex I subunits following BN-PAGE separation of complex I band, but couldn\'t get enough proteins for mass spectrometry peptide sequencing to reach a conclusive result. Nonetheless, it is known that protein acetylation can also increase the function of the target proteins [@bib103], [@bib104], [@bib105]. Regardless, pancreatic complex I acetylation will need to be further studied not only on the relationship between acetylation and complex I function, but also on identification of more subunits that undergo increased acetylation in diabetes.

With respect to NQO1, we also found that its activity was decreased due to decreased expression of the protein ([Fig. 8](#f0040){ref-type="fig"}B). NQO1 is one of the second phase antioxidants that are upregulated by the Nrf2 signaling pathway [@bib68]. Our study indicates that NQO1\'s decreased expression ([Fig. 8](#f0040){ref-type="fig"}B, the upper panel) in diabetic pancreas is indeed controlled by an impaired Nrf2 signaling pathway as less nuclear Nrf2 content was detected by electrophoretic mobility shift assay ([Fig. 8](#f0040){ref-type="fig"}B, the lower panel).

One caveat of the present study is that we did not distinguish complex I activity among different cell populations in the pancreas, such as glucagon-secreting α cells, somatostatin-secreting γ cells, and pancreatic polypeptide (pp)-secretion cells. Nonetheless, given that β cells are predominant cell types (nearly 70%) in the islet [@bib22], and that β cell complex I was found to be hyperactive in diabetic pancreas ([Fig. 2](#f0010){ref-type="fig"}G), our findings in the whole pancreas tissues may well-represent what would occur in diabetic β cells. A practical problem in studying only β cells is that the mitochondrial yield is very low when pancreas from a single rat is used for β cell mitochondria isolation. This is the main reason that we used the whole pancreas as the source of mitochondria in this study.

Our findings that complex I hyperactivity also imposed pressure on complexes II to IV, but not complex V ([Fig. 4](#f0020){ref-type="fig"}D) suggest that the processes of the mitochondrial oxidative phase is partially disconnected from the mitochondrial phosphorylation phase, thereby leading to low mitochondrial ATP output ([Fig. 5](#f0025){ref-type="fig"}A) even though NADH is over supplied. This is actually supported by the observation that mitochondrial membrane potential is impaired in diabetic pancreas ([Fig. 8](#f0040){ref-type="fig"}C), which indicates that mitochondrial permeability transition pore is aberrant. Therefore, more electrons are diverted to or leaked for ROS production that can induce oxidative stress ([Fig. 5](#f0025){ref-type="fig"} B to D) and eventually leads to increased cell death ([Fig. 8](#f0040){ref-type="fig"}D). It is conceivable that relieving complex I NADH overload pressure by restoring NADH/NAD^+^ redox balance may serve as a novel approach for treating diabetes and its complications.

5. Conclusion {#s0105}
=============

In summary, the present study present convincing evidence that complex I activity in pancreas is aberrantly upregulated by diabetic hyperglycemia. This upregulation or hyperactivity is in response to NADH/NAD^+^ redox imbalance caused by overproduction of NADH by the conventional metabolic pathways and by activation of the polyol pathway and the PARP pathway. Furthermore, due to NADH/NAD^+^ redox imbalance and complex I hyperactivity, cellular oxidative stress is increased and mitochondrial ATP production is decreased. These findings, together with the evidence of decreased expression of sirt3 and NQO1, provide insights into the mechanisms of pancreatic mitochondrial dysfunction and possibly β cell failure in diabetes. Finally, while mechanisms underlying complex I hyperactivity in diabetes are multifactorial, our study points to the direction that complex I could be a promising therapeutic target for diabetes, particularly, from the angle of restoring NADH/NAD^+^ redox balance and attenuating oxidative stress.
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